The crystal structures of five natural samples of the lithiophilite-triphylite series [Li(Mn,Fe)PO 4 ; Li = M1, (Mn,Fe) = M2] were refined to determine structural variation along the Mn (r = 0.83 Å) ⇔ Fe (r = 0.78 Å) solid-solution series, and to elucidate variations in the atomic arrangement of Pbnm olivine. The refinements converged to R ≤ 0.017. Bonds at the O3 site are fundamental in understanding the response of the atomic arrangement as Fe concentration increases. The M2-O3a bond shortens by more than 0.06 Å, and the M2-O3b bond shortens by ~0.02 Å over the series. This shift of the O3 oxygen toward the two coordinating M2 sites is commensurate with an increase in the M1-O3 bond length by approximately 0.03 Å, and an increase in the distortion of the M1 site. Much previous work has focused on polyhedron distortions in the olivine structure. The angle variance for the M1, M2, and T polyhedra were calculated for each phosphate sample in this study and published silicate and germanate olivine structures. In each case, the angle variance of the phosphate olivines was found to be smaller in the M1 octahedron, which is in contrast to the other olivine-structure phases examined in this study. However, if the size difference in the radius of the M1 and M2 site cations is ≥0.17 Å, the distortion is greater in the octahedral site that is occupied by the larger cation. The structural differences along the lithiophilite-triphylite solid-solution series may have significant effects on its solid electrolyte properties, including rates of lithium diffusion and activation energies, and thus are important in the development and design of Li-olivine storage cathodes.
INTRODUCTION
Minerals of the lithiophilite-triphylite series [Li(Mn,Fe)PO 4 ] occur in evolved granitic pegmatites that are enriched in both Li and P. These phases are isostructural with olivine ( Fig. 1) . Members of the series forsterite -fayalite are abundant in mafic igneous rocks and are of utmost importance in the upper mantle. Various other olivine-group minerals occur in rocks with very diverse geochemical histories (Brown 1980) , attesting to the importance of understanding the atomic arrangement of olivine.
In this study, single-crystal X-ray-diffraction experiments were performed on natural lithiophilite-triphylite samples with Fe/(Mn + Fe) values of 06, 27, 50, 79, and 89 (referred to as Trip06, etc.) . The atomic arrangement of each sample was refined to elucidate the structural changes with composition in this series. Structural information for end-member triphylite, Trip100, was taken from Streltsov et al. (1993) . 
BACKGROUND INFORMATION
Recently, there has been considerable interest in the Li-phosphate olivine, triphylite, as a storage cathode for rechargeable lithium batteries. Key to the use of this phase in batteries are its electrical and ion (Li) conductivity. Triphylite, as well as other phases adopting the olivine structure, is an electrical insulator, which is the main impediment to its use in batteries. Chung et al. (2002) , however, have shown that controlled cation nonstoichiometry combined with doping can increase the electrical conductivity of triphylite by as much as 10 8 , well above that of Li storage cathodes currently used in commercially available batteries. They postulated that in a conventional design of a cell, triphylite may yield the highest power density yet developed in rechargeable Li batteries. Furthermore, they speculated that the same doping mechanism for increasing electrical conductivity in triphylite will apply to other phases adopting the olivine structure, such as lithiophilite. Structural changes in triphylite due to solid solutions with iron may have significant effects on its solid electrolyte properties, including rates of Li diffusion and activation energies. Thus knowledge of structural changes that result from solid solutions are important in the development and design of Li-based olivine storage cathodes.
Few structural investigations have been performed on members of the lithiophilite-triphylite series, particularly with respect to structural variations that occur along the Mn ⇔ Fe join. In many of the previous singlecrystal X-ray studies, synthetic samples were used (Geller & Durand 1960 , Streltsov et al. 1993 , Yakubovich et al. 1977 . Structure refinements using natural samples were performed by Finger & Rapp (1969) .
There have also been studies on the relationship between composition and unit-cell parameters (Fransolet et al. 1984 , Lumpkin & Ribbe 1983 in the lithiophilitetriphylite series. Fransolet et al. (1984) attempted to determine the Mn/(Mn + Fe) value from powder-diffraction experiments. However, those methods were not found to accurately predict the unit-cell parameters or the divalent cation ratio Mn/(Mn + Fe) of our samples. Lumpkin & Ribbe (1983) and Fransolet et al. (1984) did note a structural variation with composition.
EXPERIMENTAL DETAILS

Samples
The five lithiophilite-triphylite samples from internally zoned granitic pegmatites in New England, USA, were obtained from the Harvard University Mineral Museum. Locations, Harvard Museum numbers, and location references are given in Table 1 . For sample Trip27, Fillow Quarry, Branchville, Connecticut, is the type location of lithiophilite. The crystals used for data collection are fragments of very large (up to several meters in length) lithiophilite-triphylite crystals.
Electron-microprobe analysis
Chemical analyses of the lithiophilite-triphylite samples (Trip06, Trip50, Trip79, and Trip89) were performed on a Cameca MBX electron microprobe using wavelength-dispersion spectrometry in the Department of Earth and Planetary Sciences at Harvard University (Table 2) . Beam conditions were: 15 keV, 23 nA, 16 ϫ 16 m raster. Sandia BA85 was used as a standard for matrix corrections, assuming 9.5 wt.% Li 2 O. The K␣ lines were used for all elements. The following standards were used: albite (Na), enstatite (Mg, Si), apatite (P, Ca), tephroite (Mn), and fayalite (Fe). A fifth sample, Trip27 ( Table 2 ) was analyzed by electron microprobe at numerous laboratories in a round-robin study; for details, see Dyar et al. (2001) .
Collection of X-ray-diffraction data
Single-crystal fragments of the five lithiophilitetriphylite samples were isolated and ground to 150-200 m ellipsoids. Each sample was then mounted on an Enraf-Nonius CAD-4 diffractometer utilizing graphitemonochromatized MoK␣ X-radiation for data collection of a hemisphere of reciprocal space. Cell parameters (Table 1) were calculated by least-squares refinement of the setting angles of twenty-five automatically centered reflections, each measured at four positions. Crystal data and refinements details are found in Table 1 .
Structure refinements
The SDP for Windows package of programs (Frenz 1997 ) was used to refine the atomic arrangement, using triphylite as a starting model (Streltsov et al. 1993) , I > 3 I data, and neutral-atom scattering factors with terms for anomalous dispersion. Absorption was corrected using 360° ⌿-scan data for three reflections and their Friedel equivalents. A weighting scheme, with weights equal to 4F o 2 / (F o 2 ) 2 and a term to downweigh intense reflections, was used throughout the refinement. In the refinements, Li, P, and O1-O3 were fixed to fully occupy their respective sites. The M1 site was modeled with Li, and the M2 site was modeled with Mn (Trip06, Trip27, and Trip50) or Fe (Trip79 and Trip89).
The atomic arrangements of the five samples refined routinely. Each of the refinements converged to R ≤ 0.017 (Table 1 ). The release of the Mn,Fe site had no significant effect on the structure refinement owing to the similar scattering-factors of Mn and Fe, with the exception of the Trip89 sample. This sample would only refine to R ≈ 0.032 before the release of the M2 site occupancy. The refinement improved to R ≈ 0.017 after the release of the Fe site owing to the significant amount of Mg (0.23 apfu) in this sample.
Atomic parameters of the five samples are found in Table 3 , and the bond lengths and tetrahedron angles are listed in Table 4 . The anisotropic thermal parameters and structure factors may be obtained from the Depository of Unpublished Data, CISTI, National Research Council of Canada, Ottawa, Ontario K1A 0S2, Canada. The bond-valence sums (Table 5) were calculated for each sample using the method of Brown (1981) and bond-valence parameters from Brese & O'Keeffe (1991) .
RESULTS AND DISCUSSION
Structural variations with composition
The octahedrally coordinated cations in the lithiophilite-triphylite series are completely ordered between the M1 and M2 sites. Li only occupies the M1 site, whereas the M2 site is occupied by divalent Mn, Fe and, in some cases, Mg. Another olivine-group mineral, natrophilite (NaMnPO 4 ), is also completely ordered, and is the only ordered olivine-type structure in which the M1 cation is much larger than the divalent M2 cation (Moore 1972) . In other ordered olivine-group phases, such as monticellite (MgCaSiO 4 ) and glaucochroite (MnCaSiO 4 ), the divalent cations in the M1 site are smaller than the cations in the M2 site (Lager & Meagher 1978) . The complete order of cations in these minerals is in contrast to the majority of olivine-structure phases, in which there is extensive disorder among the octahedrally coordinated cations. Although Mn and Fe only occupy the M2 site in the lithiophilite-triphylite series, the solid solution between these two constituents affects both the M2 and M1 sites.
The substitution of Fe 2+ (r = 0.78 Å; Shannon 1976) for Mn 2+ (r = 0.83 Å; Shannon 1976) in the lithiophilitetriphylite series suggests, by Vegard's law, that a concomitant shortening of the octahedron bond-lengths should occur. Figure 2 confirms that hypothesis; it depicts the variation of M2-O bond lengths with composition along the Mn ⇔ Fe join. Note that sample Trip89, which contains substantial amounts of Mg, generally lies off the variation trend of the other samples, indicat-ing that incorporation of the smaller Mg ion (r = 0.72 Å; Shannon 1976) affects the variation in the octahedron bond-lengths to a greater extent.
Although the shortening of the bond lengths involving M2 is expected, the bond-length variations in that polyhedron also induce variations in the M1 polyhedron, occupied solely by Li. Figure 3 depicts the variations of the M1-O bond lengths with composition along the Mn ⇔ Fe join. The M1-O1 and M1-O2 bond lengths decrease, whereas the M1-O3 bond length increases with increasing Fe-for-Mn substitution. This change occurs with no substitutions of cations for Li in the M1 site.
The M1 site is octahedrally coordinated and consists of two symmetrically equivalent bonds to each of the three oxygen atoms. The M2 site also is octahedrally coordinated. However, the M2 site has one bond to each of O1 and O2 and four bonds to O3, with two different lengths (referred to as O3a and O3b). Figures 2a-e and 3a-d demonstrate the relationship between the proportion of Fe and the cation-oxygen bond-lengths. The changes in the bond lengths at the M1 and M2 sites are dependent on the occupancy of the M2 site. However, the changes in bond lengths that occur with the increase in the proportion of Fe are influenced by O3 site coordination. We here examine structural changes that occur with respect to O3.
The O3 site
The O3 oxygen is unique among the anion sites in the olivine structure, and is important in understanding the response of the arrangement of atoms to the Mn ⇔ Fe substitution at the M2 site in the lithiophilitetriphylite series. The O3 oxygen is the only anion that bonds to two M2 sites; O1 and O2 each bond to only one M2 site.
The largest bond-length variation with cation substitution in the series occurs in the M2-O3a bond (Table  4) , which shortens by more than 0.06 Å (Fig. 2c ) with substitution of Fe over the range of Mn ⇔ Fe studied. The M2-O3b bond contracts by ~0.02 Å (Fig. 2d ) over the same range of solid solution. Figure 4 characterizes the coordination of O3 and depicts the changes that occur as Fe substitutes for Mn at the M2 site.
In addition to bonding to two M2 ions, O3 also bonds to one M1 cation. Because of the shift of the O3 oxygen toward the two coordinating M2 sites, the bond to M1 increases in length by approximately 0.03 Å with increasing degree of incorporation of the smaller Fe 2+ ion at M2; thus, the shortening of the M2-O3 bonds is commensurate with a lengthening of the M1-O3 bonds (Fig. 3c ). Figure 5 shows the variation of M1 bond-valence sum that occurs with Fe substitution for Mn along the lithiophilite-triphylite series. A best-fit line to this data series (omitting sample Trip89 because of its high Mg content) was determined by least squares (r 2 = 0.9412), so that the bond-valence sum for end-member lithiophilite and triphylite could be extrapolated. Site M1 is underbonded for all compositions, but increases from 0.926 in lithiophilite to 0.953 in triphylite. Thus the bond-valence sum to the M1 site is closest to the formal charge of Li 1+ in triphylite, although the two M1-O3 bonds increase in length with increasing Fe along the lithiophilite-triphylite join.
Distortion of the octahedral sites
Composition varies greatly among phases with the olivine structure, but the M1 and M2 octahedra are distorted regardless of the site occupant (Brown 1980 , Fleet 1974 ). There is a large difference in geometry between the M1 and M2 octahedral sites. The M1 octahedron shares six edges with other polyhedra, two each with M1, M2, and T polyhedra. The distortion of the M2 octahedron is more complex. The M2 occupant is not centered in the M2 octahedron, as is the cation of the centrosymmetric M1 octahedron. This is a response to cation repulsions across the three shared polyhedron edges, two with M1 polyhedra and one with a tetrahedron (Brown 1980 , Fleet 1974 . The M2-T repulsive force has the greatest effect on the bond lengths of the M2 octahedron (Brown 1980) . This is especially appar- ent in the M2-O3 bond lengths and is illustrated in Table 4 . The O3b oxygen atom is on the edge shared between the M2-T polyhedra. The cation repulsion across the M2-T edge causes the M2-O3b bond to lengthen and concomitantly the opposite M2-O3a bond to shorten to compensate for this cation repulsion. The angle variance, as defined by Robinson et al. (1971) , was used to quantify the distortion of octahedra and tetrahedra in our samples and other olivine-group phases. Robinson et al. (1971) concluded that the M1 octahedron is systematically more distorted than the M2 octahedron, and that angle variance increases as cation size increases in olivine-group minerals. This statement holds true for the angle variance of many olivine-group structures, such as fayalite (Smyth 1975) , forsterite (Smyth & Hazen 1973) , Ni-substituted olivine (Lager & Meagher 1978) , and natrophilite (Moore 1972) . Conversely, in the lithiophilite-triphylite series, the variance of the octahedral angle for M1 is lower than for M2 in every sample. The angle variance of the end members of the Mn ⇔ Fe solid solution are 144.354(3)°2 and 152.153(2)°2 for M1 and M2 octahedra, respectively for Trip06, and the angle variance for Trip100 is 150.8°2 and 154.1°2 (Fig. 6) . The angle variance at the T site in the olivine structure varies greatly with the occupant of the T site. The T site shares three edges, one with M2 and two with M1; the O-T-O angle of the shared edges contribute 45-80% of the total angle-variance in tetrahedra in phosphate, silicate, and germanate olivines. Figure 7a shows the relationship of T cation size to the angle variance in tetrahedra for phosphate, silicate, and germanate olivines. Although there is considerable variation in the angle variance in tetrahedra among olivine-group structures with the same T occupant, the variance in the tetrahedral angle increases with increasing radius of the T cation. The relatively large angle-variance among structures with the same tetrahedrally coordinated cation suggests that the T site in the olivine structure is not static and is affected by interactions with connecting polyhedra.
The edge shared between the M1 and T sites along O2-O3 has the greatest effect on variance of the M1 angle. Approximately 45% of the angle variance of the M1 site results from the two O2-M1-O3 angles. In silicate olivines, O2-T-O3 is also the most distorted tetrahedral angle (Brown 1980) . The edge shared with the M2 octahedron along O1-O3 only has a minor contribution to the overall M1 angle variance.
The O3a-M2-O3a and O3b-M2-O3b angles account for ~75 to 85% of the angle variance at M2 in forsterite. The Figure 7b displays the ratio of the angle variance at M1 and M2 versus the size of the T cation. Note that the smaller the T cation, the lower the angle-variance ratio.
In these examples, the phosphates exhibit an angle variance wherein M1 < M2. The converse is true for the silicate and germanate olivines. However, there are exceptions in the phosphate and silicate olivines in which the angle variance is larger in M1 for phosphate olivines and larger in M2 for silicate olivines. In these phosphate and silicate olivines, there is a large difference in size between the M1 and M2 cation radius (≥0.17 Å). The difference in cation size between M1 and M2 occupants in natrophilite (Moore 1972) , monticellite, and glaucochroite (Lager & Meagher 1978) is ≥0.17 Å. In these olivine structures, the site that is occupied by the larger cation exhibits the larger variance in octahedron angle.
SUMMARY
The bond-length variations in the M1 and M2 sites of the lithiophilite-triphylite series are correlated with the composition of the M2 site. The bond lengths involving M1 and M2 decrease as the concentration of Fe increases, with the exception of the M1-O3 bond. In addition, the angle variance in the lithiophilite-triphylite series does not show the same trend as in many other examples of the olivine structure-type. In each case, the angle variance of the phosphate olivines is smaller at the M1 octahedron, which is in contrast to the other olivine-group phases examined in this study. However, examination of numerous olivine-type structures demonstrates that if the size difference in the radius of the cation at the M1 and M2 sites is ≥0.17 Å, the distortion is greater in the octahedron that is occupied by the larger cation.
The results of this study may have a bearing on the development and design of Li-derivative olivine storage cathodes. Thus far, triphylite has been the Li-bearing olivine-group phase most studied for application in rechargeable batteries (Andersson et al. 2000 , Chung et al. 2002 , Huang et al. 2001 , Padhi et al. 1997a , b, Prosini et al. 2001 , Scaccia et al. 2003 , Yamada et al. 2001a , b, Yang et al. 2002 . Critical properties for this application are its electrical and ion (Li) conductivity. Chung et al. (2002) have shown that controlled nonstoichiometry at cation sites combined with doping can increase the electrical conductivity of triphylite to a usable range, and they proposed that the same doping mechanism will apply to other phases having the olivine structure, such as lithiophylite. Structural changes along the lithiophilite-triphylite solid solution, elucidated here, may have an effect on the activation energy for Li diffusion, and thus the rate of diffusion. The activation energy of Li diffusion is directly related to the energy necessary to break all of the M1-O bonds. Bond-valence considerations (Fig. 5) indicate that Li is more strongly underbonded in lithiophylite and thus is less stable in the M1 site in this end-member. Consequently, breaking the six M1-O bonds will be energetically easier in lithiophylite, which in turn will lead to greater rates of Li diffusion, making lithiophylite a potentially better storage cathode.
